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Intrarenal vascular changes in experimental glomerulonephritis.
The present study was undertaken to elucidate the serial vas-
cular changes in glomerulonephritis during the progression
from mild alterations to those associated with a contracted
kidney. Changes of intrarenal vascular architecture were cor-
related with histopathological lesions in unilateral glomerulo-
nephritis. Parallel microangiographic and histological examina-
tion was carried out in 20 diseased and 5 normal rabbits. In the
diseased kidney, cortical vasculature was impaired as renal
parenchymal lesions developed while the medullary vasculature
remained relatively well preserved. Furthermore, the arteriolae
rectae verae started to increase in number even in the presence
of minor glomerular lesions, and they continued to increase as
the renal parenchymal lesions progressed. There was a positive
correlation between the increased number of arteriolae rectae
and the severity of the glomerular lesions. In the diseased kidney
arteriolae rectae verae arose from the interlobular artery as well
as from the more proximal vessels. In the normal kidney they
only arose proximal to the interlobular artery. As histological
lesions of the renal parenchyma advanced, the vessels became
progressively more spiralled. Spiralling of the interlobular artery
was not found until a contracted kidney was noted. It is likely
that interstitial fibrosis is the major cause of spiralling.
Changements vasculaires intrarenaux an Coors de Ia glomérulo-
néphrite experimentale. La présente étude a été entreprise afin
d'élucider les changements vasculaires progressifs qui survien-
nent dans Ia glomerulonephrite a partir des modifications
minimes jusqu'au rein atrophique en établissant une corréla-
tion entre les changements de l'architecture vasculaire intra-
rénale en regard des lesions histopathologiques au cours de
Ia glomérulonéphrite unilatérale. Des examens microangio-
graphiques et histologiques ont été faits en paralléle chez 20
lapins malades et 5 lapins normaux. Dans le rein malade, avec
le développement de lesions parenchymateuses rénales, Ia
vasculature corticale était atteinte tandis que Ia vasculature
médullaire demeurait relativement bien conservée. De plus, les
arterioles verae rectae commencérent a augmenter en nombre
même avec des lesions glomerulaires minimes et continuèrent a
augmenter avec Ia progression des lesions rénales parenchyma-
teuses. II y avait une correlation positive entre l'accroissement
du nombre des arterioles rectae et Ia gravité des lesions gloméru-
laires. Dans Ic rein malade, les arterioles verae rectae prenaient
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naissance des artères interlobulaires aussi bien que des vaisseaux
plus proximaux. Dans le rein normal, dIes n'originaient que
proximalement aux artères interlobulaires. Avec Ia progression
des lesions histologiques du parenchyme renal, une configuration
en spirale des vaisseaux devenait de plus en plus évidente quoique
cette configuration n'était retrouvée au niveau des artéres inter-
lobulaires que lorsque le rein était atrophié. II semble que la
fibrose interstitielle soit la principale cause de cette configuration
en spirale.
Functional and structural disorders of the renal
blood vessels may be directly or indirectly related to
the progression of various forms of renal diseases [1].
In the past, intrarenal vascular patterns were studied
by methods that did not permit a comparison between
the vascular architecture and the parenchymal histology
in the same specimen. Consequently, reliable studies
relating the morphology of blood vessels to other
structures in normal or pathologic kidneys have not
been accomplished until recently. A microangiographic
method which permits both stereoscopic examination
of the arterial tree and histologic study of the same
specimen has been developed by Ljungqvist [2]. A few
studies have recently been published describing intra-
renal vascular changes using Ljungqvist's method.
However, these reports, except for the study of Hill [3]
and Ljungqvist and co-workers [4, 5, 6] have been
limited to autopsy specimens in humans. Therefore,
there is a disproportionate representation of the
pathologic vascular pattern in more advanced stages
of various forms of renal disease. There has been, as
yet, little study of the early changes of the intrarenal
vascular architecture in most renal diseases, especially
in glomerulonephritis.
The present investigation describes progressive
changes in the intrarenal vasculature of experimental
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glomerulonephritis induced in rabbits. Our purpose
was to elucidate the serial vascular alterations from
the early to late stages of disease by a comparison of
the microangiographic and histological changes.
Methods
Unilateral glomerulonephritis was produced by
Sarre's method as modified by Nagasawa [7]. Male
albino rabbits weighing 2.0 to 2.5 kg were used.
After ligation of the left renal artery with fine silk,
nephrotoxin (anti-rabbitkidney-duck serum) was
injected into the auricular vein (2.5 ml/kg body wt).
Twenty minutes after the injection, the suture was
removed. At intervals varying from 66 to 297 days
after injection, the animals were killed by exsanguina-
tion from the femoral artery following anesthesia with
sodium pentobarbital. The right renal artery was
cannulated via its aortic orifice and the kidney was
irrigated with enough normal saline to wash out the
blood. A 7.5% aqueous suspension of fine grain
barium sulfate (Micropaque), which had been sedi-
mented for five hours to remove the largest particles
and left to stand for 48 hours before use, was perfused
into the kidney at a hydrostatic pressure of 100mm H20.
This was increased to 180mm H20 for 90 minutes at
room temperature. The kidney was excised and fixed
for at least 96 hours in 10% neutral buffered formalin
before it was cut along its short axis into slices three
to five mm in thickness. All blocks, consisting of a
complete lobe with surrounding renal columns and
adjacent parts of the pelvic tissue, were cut for micro-
angiography into serial sections of 500 to 750 microns
thickness with a freezing microtome. Angiography was
performed at 15 KV and 8 mA on a fine grain photo-
graphic emulsion (Fuji FG-15) using a fine focus
X-ray machine. The time of exposure varied from
five to seven minutes depending on the thickness of
the section. A similar microangiographic study was
carried out on the kidneys of five normal rabbits.
The microangiographed blocks were embedded in
paraffin and sections were cut at five to six micra and
stained for histologic examination using hematoxylin
and eosin (HE), periodic acid-Schiff (PAS) and Mallory
Azan staining. The microangiographs were observed
under an ordinary light microscope together with the
stained histological sections of the same specimen.
Some of the blocks were serially sectioned and stained.
Stereoscopical technique was not used. The identifica-
tion of glomerular and aglomerular juxtamedullary
vessels was based on the appearance of vessels that
were clearly identifiable via microangiography along
their full lengths, that is, from their points of origin
to their division into bundles of medullary vessels.
After counting 289 to 387 (avg. 331) arteriolae rectae
in the microangiographs of each kidney, the ratio of
arteriolae rectae verae to the total number of arteriolae
rectae was calculated.
To evaluate the degree of histological change in
each structural component of the diseased kidney, a
lesion index was calculated. First, a glomerular lesion
index (GLI) was determined by examining and gradiiig
histologically 100 glomeruli on routinely-stained
histologic sections. The histological changes in each
glomerulus were classified into four grades according
to the criteria shown in Table 1. The number of
glomeruli in each grade was multiplied by the grade
number. The sum of these counts was expressed as
the GLI. The formula used is shown below:
1) GLI=(Oxn0)+(lxn1)+(2xn2)+(3xn3)
n0+n1+n2+n3= 1002)
where n0, n1, n2 and n3 indicate the number of gb-
meruli which belong to grades 0, 1, 2 and 3, respectively.
A tubular lesion index (TLI) and an interstitial
lesion index (ILl) were used to quantitate the tubular
and interstitial changes. Observations were made on
visual fields of middle magnification (x 100) and the
findings were classified according to the criteria in
Table 1. The sum of the score of each grade in 100
visual fields was calculated as the TLI and ILl,
respectively. A vascular lesion index (VU) was calcu-
lated in a similar manner by grading the changes in
100 small arteries, namely, interlobular arteries smaller
than 100 i in diameter. The histological changes of
each diseased kidney were expressed as the total
lesion index as shown by the following formula:
Total lesion index of the diseased kidney
GLI TLT IL! VU
= (i +-)x(i +-.)x(l +--)x(1+--).
On the basis of the total lesion index, the diseased
kidneys were divided into three groups; mild (first
stage): less than eight (14 rabbits); moderate (second
stage): between eight and 24 (four rabbits); severe
(third stage): more than 24 (two rabbits).
The degree of the spiralling in the interbobular
arteries was quantitated and classified into three
grades: (—), no obvious change; (±), slightly irregular
kinking; (+), definite spiralling.
Intrarenal vascular changes in glomerulonephritis 91
Table 1
Criteria of histological lesions in each structural component
Grade Glomerulus a Tubule Interstitium Vessel
0 no change
1 thickening of basement
membranes, cellular and
mesangial proliferation;
mild,
lobulation of capillary
tuft, adhesion to
Bowman's capsule
epithelial degeneration, edema, cellular infiltra-
thickening of basement tion and fibrosis; mild.
membrane and cast-
formation; mild.
arterial elastosis, intimal
hyalinization and fibrosis
around the artery; mild.
2 including hyalinization
of small areas
moderate change; intermediate between grade 1
and grade 3
3 advanced mesangial
change with or without
marked hyalinization
marked epithelial diffuse fibrosis
degeneration, tubular
atrophy, and compen-
satory tubular hypertrophy
intimal hyalinization and
fibroelastosis with luminal
narrowing
a The critera for glomerular lesions is very similar to that reported by Ljungqvist and co-workers [4].
Results
Normal vascular architecture of the kidney. The
normal vascular anatomy was examined so that the
changes occurring in glomerulonephritis might be
better appreciated. Fig. 1 illustrates the normal pattern
of the intrarenal vasculature. It was of interest that
arteriolae rectae verae were rarely encountered and,
when present, they arose from vessels proximal to the
interlobular artery (Figs. 2a and 2b). The mean value
of the percentage of arteriolae rectae verae to total
arteriolae rectae for 5 healthy rabbits was 4.3
SD 1.8%.
Vascular architecture of the diseased kidneys. First
stage histological changes included both diffusely
hyalinized glomeruli as well as some almost totally
normal glomeruli. The interstitial tissue and vessels
remained almost completely unaffected. Tubular
injury was sometimes observed (Fig. 3a).
Microangiograms of kidneys in the first stage
revealed a slight decrease in the number of injected
glomeruli and an increase in the number of incom-
pletely injected glomeruli. There was no remarkable
change in vessels larger than the arteriole, thus sug-
gesting that there was a disturbed circulation of the
glomeruli. The most noticeable change was the presence
of arteriolae rectae verae arising from the proximal
part of the interlobular artery in contrast to the normal
Fig. 1. Microangiograph of normal rabbit kidney showing the
parallel course of the interlobular arteries perpendicular to the
cortical zone. The arteriolae rectae originate in the juxtamedullary
zone and converge on the papilla (x 6).
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Fig 2a. Microangiograph of normal rabbit kidney; the arteriole-
glomerular units of the cortical type have thin efferent arterioles,
which divide into peritubular capillaries. The juxtamedullary
type have wide efferent arterioles which form arteriolae rectae
spuriae leading to the medulla. The arteriolae rectae verae are
rarely encountered and are given off only proximal to the inter-
lobular artery (x 16).
kidney (Fig. 3 b). The mean value of arteriolae rectae
verae to total arteriolae rectae in 14 rabbits of this
group was significantly increased up to 27.3 SD 10.7%.
Histological changes in the second stage were more
prominent both qualitatively and quantitatively, viz.,
hyalinized glomeruli were increased in number, and
tubular degeneration with interstitial edema or focal
fibrosis was present (Fig. 4a). The microangiographic
pattern of the second stage kidney was similar to that
of the first stage, although certain abnormalities were
more remarkable. Some interlobular arteries occasion-
ally deviated from their normal course and exhibited
a slightly irregular kinking pattern, especially in their
most peripheral portion. There was an increase in the
number of spiralling afferent arterioles (Fig. 4b). The
number of incompletely visualized glomeruli was
increased. The cortical afferent arterioles gave rise to
occasional vessels of varying length which tapered to
a blind end, or which were lost in vessels resembling
Fig. 2b. Microangiograph of normal rabbit kidney showing a
juxtamedullary glomerulus and an afferent arteriole that passes
into the efferent arteriole with unchanged caliber. After following
a straight and curved course it divides into bundles of considerably
thinner vessels (x 65).
Fig. 3a. 1-listologic section (first stage of the diseased kidney);
diffusely hyalinized glomeruli (arrows) are occasionally found.
Many of the glorneruli are nearly normal. The interstitial tissue
and vessels remain almost unaffected. Tubular injury is some-
times observed. (H & E x 100).
Fig. 3b. Microangiograph (first stage of diseased kidney).
Aglomerular juxtamedullary arterioles appear, some of which
arise from the proximal part of the interlobular artery. Small
arrow: aglomerular juxtamedullary arteriole. Large arrow:
juxtamedullary arteriole with a rudimentary glomerulus (x 16).
Fig. 4a. Histologic section (second stage of diseased kidney).
Histological changes become more prominent in quality and
quantity, and focal interstitial edema or fibrosis appears
(H &Ex 100).
Fig. 4b. Microangiograph (second stage of diseased kidney).
Some interlobular arteries occasionally deviate from their
normal course with slightly irregular kinks, especially at the
peripheral portion (arrows). There is an increase in the number
of spiralling efferent arterioles (x 16).
a r..:t. '•' .4N.
Fig. 4a Fig. 4b
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Fig. 5a. A stained histologic serial section of aglomerular
juxtamedullary arterioles showing the bend of the continuous
arteriole (arrow) (H & E x 300).
peritubular capillaries. Histologic investigation of
these vessels showed that the aglomerular cortical
arterioles led to degenerated glomeruli. On the other
hand, the numerous aglomerular juxtamedullary
arterioles seen on the microangiogram were found in
the serial stained sections to pass either through, or
tangential to, the degenerated glomeruli (Fig. 5 a).
Therefore, the mean ratio of arteriolae rectae verae to
total arteriolae rectae for four rabbits in this group
was increased by more than one half (69.1± SD 11.2%).
Most of the medullary vessels in this stage seemed
wider than normal and showed occasional spiralling.
In the third stage there was a great deal of glomerular
destruction and atrophy, tubular loss accompanied by
compensatory tubular hypertrophy and sufficient
interstitial fibrosis to produce a contracted kidney.
However, hyalinizing changes and elastosis of the
arterial wall, except for prominent fibrosis around
the arteries, were not remarkable (Fig. Sb). Micro-
angiographically, the interlobular arteries often dis-
played some variation in their caliber and more
Fig. 5b. Histologic section (third stage of diseased kidney) to
demonstrate widespread glomerular destruction and atrophy
and tubular loss accompanied by compensatory tubular hyper-
trophy and interstitial fibrosis (H & E x 100).
extensive spiralling, especially in the deeper cortex.
The spiralling of the interlobular arteries, afferent
arterioles and aglomerular juxtamedullary arterioles
was more extensive than that observed in previous
stages. Furthermore, a decrease in the number of
visualized glomeruli gave the impression of a reduced
vascularity in the cortex.
Aglomerular juxtamedullary arterioles ramifying
into the arteriolae rectae with spiralling or widening
of their caliber were increased to such an extent that
the medulla was almost exclusively supplied by
arteriolae rectae verae. Abundant medullary vessels
with an increased rectae verae ratio (83.0 and 86.5%)
were observed, in contrast to the impairment in the
cortical circulation (Fig. 6a, 6b, and Fig. 7). No
instances were seen of non-ramifying efferent vessels
passing directly from glomeruli to the capsular surface,
or of branches of tortuous arteries in the renal pelvis
passing to the renal medulla and papilla.
The relationship between the increased ratio of the
arteriolae rectae verae to total arteriolae rectae and
fig, Oa
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Fig. 6a. Microangiograph (third state of diseased kidney).
There is a remarkable decrease in the number of glomeruli
visualized demonstrating a reduced vascularity of the cortex. The
medulla is almost exclusively supplied by the arteriolae rectae
verae (x 6).
Fig 6b. Microangiograph (third stage of diseased kidney). The
interlobular arteries often show some variation in caliber and
more intensive spiralling, especially in the deeper cortex. Note
pronounced spiralling of afferent arterioles and aglomerular
juxtamedullary arterioles (x 16).
Fig. 7. Microangiograph from the juxtamedullary zone (third
stage of diseased kidney) showing a vessel with a rudimentary
tuft attached to it (arrow), and aglomerular juxtamedullary
arterioles (x 55).
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Fig. 8. Relationship between the ratio of the developed arteriolae rectae verae to total arteriolae rectae and the severity of histological
lesions. GLI: glomerular lesion index; TLI: tubular lesion index; ILl: interstitial lesion index; VLI: vascular lesion index. The
ordinate represents the ratio (%) of the developed arteriolae rectae verae to total arteriolae rectae.
the severity of the various histologic lesions is shown
in Fig. 8. There was a highly significant correlation
between these parameters. In addition, there was a
positive correlation between the degree of arterial
spiralling and the severity of histologic changes in the
interstitial tissue (Fig. 9).
Discussion
Parallel microangiographic and histological methods
have shown that the arteriolae rectae verae are present
in the normal kidney, and that they are increased in
number in the diseased kidney. The findings confirm
earlier descriptions of vascular patterns in normal
and diseased kidneys obtained at autopsy [21. Never-
theless, there have been but a few reports on serial
observations of progressive changes of the vascular
architecture of diseased kidneys from the earliest
abnormality to the contracted kidney, especially in
glomerulonephritis. In a recent investigation, Ljung-
qvist et al [6] observed that in rats with glomerulo-
nephritis and hypertension the degree of glomerular
damage, as estimated by a glomerular lesion index, was
directly correlated with poor visualization of the
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Fig. 9. Relationship between the degree of vascular spiralling and the severity of histological lesions. (—): no obvious change; (±):
slightly irregular kinking; (+): definite spiralling. The ordinates represent the lesion indices of the glomerulus, tubule, interstitium
and vessel, respectively.
glomeruli and with microangiographic alterations
suggestive of a relative cortical ischemia. For the most
part these findings are in agreement with the results
in the present study. viz., in the diseased kidney the
cortical vasculature is impaired as renal parenchymal
lesions develop, while medullary vasculature remains
relatively well preserved. Arteriolae rectae verae start
to increase in association with the appearance of no
more than minor lesions of the glomeruli and in the
absence of recognizable interstitial and arterial change.
Furthermore, the intensity of vascular change correlates
well with that of the histological changes in the renal
parenchynia. especially with the degree of glomerular
involvement.
The possibility of direct continuity between the
afferent and efferent arterioles of the juxtamedullary
glomeruli under conditions of cortical ischemia has
been suggested by Trueta ci al [s]. l;Ihek [9]. by means
of the corrosion technique. found that the afferent
and eferent arterioles in the cortical zone communi-
cated only by way of the glomerular capillaries,
whereas the capillaries of the glomeruli in most of the
juxtamedullary units arose as side branches of a
continuous arteriole. The efferent segment then divided
to form arteriolae rectae of the medulla. The recent
microangiographic and histological studies by Ljung-
qvist [10] and Takazakura' demonstrated a direct
continuity between the afferent and efferent arterioles
in juxtamedullary glomerular degeneration. Degenera-
tion of the cortical glomeruli, on the other hand, led
to degeneration and atrophy of their corresponding
afferent and efferent vessels, either in response to
aging in an otherwise normal kidney, or to a pathologi-
cal process. This finding was confirmed by the present
investigation.
Takazakura, E.: Intrarenal vascular changes in aging process
and in diseased kidneys (To be published).
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Recent studies of renal hemodynamics have demon-
strated that a sudden reduction of renal blood flow
may reduce cortical blood flow without major changes
of medullary blood flow [11, 12, 13]. We suggest that
the above described bypass may operate in response
to changes in the renal vasculature and that in the
juxtamedullary region, a new circulatory pathway may
be induced easily by a slight degree of circulatory
disturbance in the glomeruli. This assumption is
supported in the present study by the finding that the
arteriolae rectae verae begin to increase in number
even with minor lesions of the glomeruli, and without
recognizable interstitial and arterial change. The
increase in arteriolae rectae verae correlates well with
the histological progression of the renal parenchymal
lesions, especially with the extent of the glomerular
lesions.
It is known that intravascular coagulation in
glomerular capillaries may be induced by the injection
of nephrotoxic serum [14]. Such a phenomenon could
be a factor in the high incidence of glomerular degener-
ation and the formation of arteriolae rectae verae
that was observed in this investigation. However,
intravascular coagulation usually occurs within a few
hours after the injection of nephrotoxic serum and is,
for the most part, reversible [14]. Intracapillary
coagulation is probably not widespread 66 to 297 days
after the injection of serum. Therefore, we believe
that intravascular coagulation does not affect the
formation of arteriolae rectae verne as seen in our
study.
There is controversy about the cause of vascular
spiralling. Several possible causes have been suggested
by various investigations. Suggested possibilities
include the development of interstitial fibrosis which
would shorten the distance between the ends of the
vessels by fibrotic contraction of the surrounding
tissues, while the the endpoints remain stationary
[3, 15, 16]; progressive occlusion of arterioles and
capillaries causing nonoccluded vessels to spiral and
function as collateral vessels (as in papillary necrosis
or pyelonephritis [17, 18]); and hemodynamic effects
as the result of blood flow becoming turbulent within
these spiralling vessels and thereby accentuating the
spiralling (as in hypertension or arteriosclerosis [19]).
In our study, hyalinization and elastosis of the arterial
walls, as has been seen in human kidneys with arterio-
sclerotic changes, were not remarkable. Accordingly,
we do not consider that vascular spiralling is due to
hemodynamic factors. Collateral adaptation to vascu-
lar occlusion secondary to inflammatory reaction as
observed in papillary necrosis or pyelonephritis would
not be expected to occur in glomerulonephritis. In the
present investigation spiralling of the interlobular
arteries was not found until a contracted kidney was
noted. In addition there was a positive correlation
between the degree of arterial spiralling and the extent
of interstitial fibrosis. Therefore, we believe it is most
likely that the spiralling of preglomerular arteries is
a consequence of interstitial fibrosis.
It is of interest that the arteriolae rectae verae
increase in number with the development of renal
disease. Takeuchi et al [20, 21] demonstrated in
chronic renal disease with azotemia that cortical blood
flow was reduced while medullary flow was unchanged
or relatively well preserved. The possibility was sug-
gested that in chronic renal failure a relative increase of
medullary blood flow may enhance medullary washout
and thus contribute to the appearance of hyposthen-
uria. In our studies of experimental glomerulonephritis
in rabbits, the cortical vasculature become impaired
as the renal parenchymal lesions progress, while the
medullary vessels are relatively well preserved and
exhibit increased numbers of arteriolae rectae verae.
This finding is consistent with a reduction of cortical
blood flow and a relative increase of medullary flow
in advanced renal disease.
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